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Low  ionic  conductivity  is  one  of  the  issues  for  polymer  electrolytes  to  be  used  in  commercial  batteries, 
though  they  have  been  viewed  as  the  promising  electrolytes  in  all-solid  lithium-ion  batteries  for  several 
decades.  Here,  we  show  an  enhanced  ionic  conductivity  in  a  classic  polymer  electrolyte  by  controlling  the 
ionic  conductive  pathway  via  a  core— shell  structure.  The  enhancement  in  ionic  conductivity  is 
contributed  from  the  formation  of  a  controlled  3D  network  of  the  ion  conductive  amorphous  phase.  The 
result  suggests  that  the  core-shell  structure  design  can  realize  the  control  of  the  conduction  pathway, 
which  is  significant  for  understanding  the  ionic  conductive  behaviors  as  well  as  for  the  improvement  of 
the  ionic  conductivity  in  polymer  electrolytes. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  polymer  electrolytes  have  attracted  intense  attention  for 
several  decades  because  of  the  superiority  in  safety  and  also  me¬ 
chanical  properties  as  compared  with  liquid  electrolytes  [1—7]. 
However,  it  is  well-known  that  the  biggest  challenge  for  solid 
polymer  electrolytes  is  their  very  low  ionic  conductivity,  which 
limits  their  viability  for  commercial  application  [8-10],  To 
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overcome  this  challenge,  the  understanding  of  the  ionic  conductive 
behavior  as  well  as  effective  approach  to  the  improvement  of  the 
ionic  conductivity  is  critical. 

Thus  far,  the  knowledge  on  the  mechanisms  of  the  ion  trans¬ 
portation  is  mainly  from  the  molecular  dynamics  (MD)  simulations 
[11—16].  Via  the  MD  simulation  on  amorphous  poly(ethylene  oxide) 
(PEO)  electrolyte,  it  has  been  concluded  that  the  lithium  transport 
actually  arises  from  a  combination  of  the  diffusion  of  the  Li+  along 
PEO  chains,  the  motion  together  with  PEO  chain  segments  and  also 
the  “hopping”  from  one  chain  segment  to  another  [15  .  These 
findings  indicate  that  the  dynamics  of  polymer  chains  is  critical  for 
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Fig.  1.  Procedures  for  the  preparation  of  electrolyte  samples  with  uncontrolled  and  controlled  ions  conduction  pathway. 


the  ion  transportation.  Therefore,  many  efforts  [12,13  can  be  found 
on  how  the  ions  are  coupled  with  the  chain  dynamics  by  the  help  of 
some  classical  dynamics  models  for  polymer  chains,  for  example, 
Rouse  model  [17].  This  couple  effect  between  the  ions  and  the 
polymer  chains  seem  to  be  the  main  reason  for  the  low  ionic  con¬ 
ductivity  of  polymer  electrolytes  as  proven  by  experimental  results. 
For  example,  the  ionic  conductivity  was  found  to  decrease  with  the 
increasing  of  the  molecular  weight  of  polymers  [18],  or  increase 
with  the  addition  of  various  plasticizers  [19-22].  However,  this 
popular  view  has  been  questioned  by  Agapov  [23],  Fullerton-Shirey 
et  al.  [24,25]  based  on  some  new  results  showing  a  decoupling  of 
the  ionic  conductivity  and  polymer  mobility.  This  inconsistency 
indicates  that  the  interaction  between  the  ions  and  polymer  host  is 
very  complicated. 

At  the  same  time,  polymer  electrolytes  usually  feature  multi¬ 
phase  structures  in  macroscopic  levels,  which  can  make  the  ion 
transport  very  complex.  Firstly,  the  coexistence  of  different  phases, 
such  as  amorphous  phase  and  various  crystalline  complexes  of  PEO 
and  Li+  [24,26],  provides  different  pathways  for  the  ion  trans¬ 
portation;  secondly,  the  distribution  and  structure  of  the  phases  are 
also  intricate.  In  particular,  the  understanding  of  the  ion  transport 
in  amorphous  and  crystalline  phases  is  still  controversial:  the 
prevailing  view  is  that  the  ions  move  faster  in  the  amorphous  phase 
than  it  does  in  the  crystalline  phase;  however,  the  work  by  Bruce 
et  al.  27,28]  supports  the  opposite  result.  It  is  difficult  to  settle  this 
dispute  since  we  are  unable  to  prepare  two  electrolyte  samples 
using  the  same  polymer:  one  with  fully  amorphous  structure  and 
the  other  with  fully  crystalline  complex  structure. 

In  spite  of  these  difficulties,  the  work  on  the  control  of  the 
morphology  structures  to  improve  the  ion  conductivity  is  mean¬ 
ingful  not  only  for  the  understanding  of  how  morphology  struc¬ 
tures  contribute  to  the  ion  conductivity,  but  also  guiding  the 
structure  design  to  improve  the  ion  conductivity.  For  example,  by 
composites  [1,29-32],  stretching  [33,34]  or  electromagnetic  fields 
[35,36],  an  improvement  of  ion  conductivity  can  be  achieved.  In 
particular,  anisotropic  ion  conductive  behaviors  [37-40]  can  be 
observed  in  copolymer  electrolytes.  These  findings  indicate  that  a 
controlled  morphology  or  ion  conductive  pathway  is  very  signifi¬ 
cant  for  polymer  electrolytes. 


Here,  without  addition  of  any  nanoparticles  or  plasticizers,  we 
show  that  the  ionic  conductivity  indeed  can  be  improved  by  only  a 
controlled  Li+  conduction  pathway.  The  method  we  applied  to 
realize  the  control  of  the  ion  pathway  is  based  on  a  core-shell 
structure. 

2.  Experimental 

2.1.  Materials 

The  polymer  used  to  prepare  the  polymer  electrolyte  samples  is 
polyethylene  oxide)  (PEO,  Mw  =  105  g  mol-1,  Sigma  Aldrich).  The 
lithium  salt  is  lithium  perchlorate  (UCIO4,  Sigma  Aldrich).  The 
solvent  employed  to  distribute  the  lithium  salt  is  acetonitrile  (A.C.S. 
Reagent).  The  polymer  PEO  and  the  lithium  salt  were  dried  at  70  °C 
for  at  least  12  h  before  using. 

2.2.  Electrolyte  preparation 

As  shown  in  Fig.  1,  the  uncontrolled  samples  were  prepared  by 
the  common  solution  casting.  This  method  gives  rise  to  a  relatively 
homogeneous  distribution  of  ions.  Specifically,  the  lithium  salt  was 
dissolved  first  in  the  solvent  acetonitrile,  and  then  PEO  powder  was 
added  into  the  solution  and  was  dissolved  under  stirring  condition 
for  24  h.  Finally,  the  homogeneous  solution  was  solution  casted  at 
room  temperature.  Several  compositions,  as  listed  in  Table  1,  were 
used  to  prepare  the  uncontrolled  samples. 


Table  1 

Information  of  the  electrolyte  samples  used  in  this  work. 


Controlled 

Uncontrolled 

PE05  content  (wt%) 

Lithium  salt  content  (wt%) 

Lithium  salt  content  (wt%) 

50 

17 

17 

33 

11 

11 

25 

8 

8 

17 

6 

6 

9 

3 

3 
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Fig.  2.  Polar  light  microscopic  images  (a)  and  (b)  and  SEM  images  (c)  and  (d)  for  the  controlled  and  uncontrolled  electrolyte  samples  respectively. 


To  prepare  the  controlled  sample,  the  uncontrolled  sample  with 
the  highest  content  of  lithium  salt  (nO:nLi+  =  5,  referred  to  as  the 
complex  PEO5)  was  first  prepared.  In  order  to  control  the  ion 
conductive  pathway,  PE05  was  purposely  blended  with  the  PEO 
powders  at  room  temperature.  The  PEO  powders  are  used  as 
received  and  the  average  size  of  the  particles  is  ca.  33  pm.  At  the 
same  time,  to  coat  the  PEO  powders  with  the  complex  PEO5  as 
uniformly  as  possible,  the  PEO  powders  were  scattered  on  a  thin 
layer  of  complex  PEO5,  and  they  were  mixed  at  room  temperature. 
To  remove  the  air  bubbles  introduced  during  the  mixing,  the 
mixture  was  further  compressed  (5  MPa  at  60  °C)  in  a  metal  mold 
for  5  min.  The  temperature  used  for  the  hot  compression  is  lower 
than  the  melting  point  of  PEO  (ca.  70  °C),  in  order  to  avoid  the 
melting  of  PEO  and  suppress  the  diffusion  of  lithium  ions  into  the 
core  part  (i.e.  the  PEO  powders),  during  the  hot  compression.  For 
the  same  purpose,  a  low  pressure  of  5  MPa  was  used.  By  varying  the 
weight  ratio  of  PEO5  to  the  PEO  powders,  the  thickness  of  the  shell 
part  can  be  controlled  as  PEO5  will  constitute  the  shell  part  in  the 
core— shell  structure.  The  weight  fraction  of  the  complex  PEO5  used 
in  this  work  as  well  as  the  sample  compositions  are  shown  in 
Table  1. 

2.3.  AC  conductivity  and  structural  characterization  of  electrolytes 

The  AC  conductivity  (the  real  part  of  the  complex  conductivity, 
<j*(w)  =  o-'(w)  +  was  obtained  by  AC  impedance  spectroscopy 

measurements  (Universal  Dielectric  Spectrometer  BDS  20).  The 
specific  testing  conditions  are  as  following.  The  frequency  range 
was  chosen  to  be  10-1  Hz— 106  Hz  and,  the  electrolyte  sample  was 
sandwiched  between  two  gold  electrodes  of  2  cm  diameter.  The 
input  voltage  for  the  measurement  was  1  V.  To  investigate  the  aging 
properties  of  the  polymer  electrolytes,  the  AC  conductivity  of  one 


electrolyte  sample  from  the  controlled  group  with  11  wt%  of 
lithium  salt  was  measured  after  different  storage  times  at  room 
temperature.  At  the  same  time,  for  comparison,  another  electrolyte 
sample  from  the  uncontrolled  group  was  also  measured  under  the 
same  conditions. 

The  microstructures  of  the  electrolyte  samples  were  analyzed 
using  a  polarized  light  microscope  (Olympus  BX51)  at  room  tem¬ 
perature.  To  prove  the  core-shell  structure  in  the  controlled  elec¬ 
trolyte  samples,  Differential  Scanning  Calorimetry  (DSC)  was  used. 
The  heating  curve  with  a  speed  of  10  °C  min-1  and  in  the  range 
from  20  °C  to  150  °C  was  recorded  for  analysis.  Scanning  Electron 
Microscopy  (SEM)  was  also  used  to  observe  the  phase  morphology 
of  the  electrolytes. 

3.  Results  and  discussion 

3.1.  Morphology  structures 

The  typical  morphological  structures  for  the  controlled  and 
uncontrolled  samples  are  shown  in  Fig.  2.  For  the  controlled  sam¬ 
ple,  two  very  different  phases  are  clearly  seen  from  a  core— shell 
configuration  as  indicated  in  Fig.  2(a).  It  is  noted  that  the  complex 
PEO5  was  found  to  be  almost  amorphous  [41  ]  because  of  the  high 
content  of  lithium  salt,  which  will  be  confirmed  by  its  melting 
behavior  later.  Therefore,  the  bright  stream-like  part  constitutes  the 
“ion-rich”  phase,  that  is,  the  complex  PEO5;  the  dark  part  is  the  pure 
PEO  powder,  the  “ion-less”  phase  as  also  indicated  in  Fig.  1.  In 
addition,  the  average  size  of  the  core-part  (ca.  45  pm)  is  close  to  that 
of  the  pristine  PEO  powders  (ca.  33  pm).  This  fact  further  confirms 
that  the  core-part  consists  of  the  pure  PEO  powders.  In  contrast,  the 
morphology  in  the  uncontrolled  samples  is  uniform  as  shown  in 
Fig.  2(b).  At  the  same  time,  SEM  images  of  the  controlled  samples 
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Fig.  3.  Melting  behaviors  of  the  uncontrolled  (a)  and  controlled  (b)  polymer  electrolyte 
samples  (vertical  translation  is  used  to  separate  the  curves);  (c)  comparison  of  the 
melting  point  for  the  pure  PEO  in  the  controlled  and  uncontrolled  samples. 
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can  reveal  the  inhomogeneous  morphology  related  to  the  core¬ 
shell  structure.  As  shown  in  Fig.  2(c),  many  cracks  can  be  found  on 
the  fractured  surface.  These  cracks  are  likely  caused  by  non- 
uniform  contractions  during  the  treatment  in  liquid  nitrogen, 
resulting  from  inhomogeneous  morphological  structures:  the 


102  101  10°  101  102  103  104  10s  106  107  108 
Frequency  (Hz) 

Fig.  4.  The  definition  of  the  ratio  plot  for  conductivity  (a)  and  the  ratio  plots  for  the 
controlled  (b)  and  uncontrolled  (c)  SPEs. 


core— shell  structures  shown  in  Fig.  1.  SEM  images  also  reveal  a 
uniform  morphology  structure  for  the  uncontrolled  sample  as 
displayed  in  Fig.  2(d). 

The  morphology  structures  for  the  polymer  electrolytes  can  also 
be  revealed  by  their  crystallization  behaviors.  Due  to  the  interaction 
between  the  lithium  ions  and  polymer  chains,  the  crystallization  of 
PEO  will  be  influenced  by  not  only  the  content,  but  also  the  dis¬ 
tribution  of  the  lithium  ions.  For  a  fixed  loading  of  the  lithium  salt, 
the  more  homogeneous  the  distribution  of  the  lithium  salt  is,  the 
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stronger  the  effects  of  the  lithium  salt  on  the  PEO  crystallization.  As 
shown  in  Fig.  3(a)  and  (b),  there  is  a  clear  melting  peak  related  to 
the  pure  PEO  component.  For  the  PEO5  complex,  the  fact  that  no 
melting  peak  can  be  found  confirms  that  PEO5  is  amorphous.  It  is 
noted  that  the  melting  points  (the  temperature  at  the  melting  peak) 
of  the  pure  PEO  component  for  the  controlled  sample  are  always 
higher  than  those  of  the  uncontrolled  sample  as  shown  in  Fig.  3(c). 
This  result  should  be  related  to  a  much  weaker  effect  of  lithium  ions 
on  the  crystallization  of  PEO  in  the  controlled  samples  as  compared 
with  the  uncontrolled  samples,  which  supports  the  core— shell 
configuration  as  shown  in  Fig.  1.  Nevertheless,  it  is  noted  that  the 
melting  point  of  the  core-part  in  the  controlled  samples  is  still 
lower  than  that  of  the  pure  PEO.  This  phenomenon  indicates  that 
there  is  ion  diffusion  from  the  shell-part  into  the  core-part. 

3.2.  Ratio  plot 

3.2.1.  Theoretical  discussion 

A  new  method,  as  demonstrated  in  Fig.  4(a)  and  referred  to  as 
the  ratio  plot  below,  has  been  employed  to  analyze  the  impedance 
spectrum.  The  ratio  is  defined  as:  o-r(w)  =  0sPE(w)/°Pure  peo(w)’ 
where  the  subscript  “SPE”  refers  to  the  solid  polymer  electrolyte  in 
this  work,  </SpE(to)  and  a'Pme  PE0(cd)  are  the  AC  conductivity  for  the 
SPE  and  the  pure  PEO  respectively,  and  w  is  the  frequency.  There  are 
two  main  advantages  to  use  the  ratio  plot.  Firstly,  we  can  derive 
information  on  how  the  content  of  ions  and  the  conducting 
pathway,  i.e.  the  distribution  of  lithium  salt,  affect  the  ionic  con¬ 
ductivity.  Secondly,  we  could  not  only  obtain  the  change  in  the 
magnitude  of  the  ionic  conductivity,  but  also  the  change  in  the  w- 
dependent  behavior  of  ionic  conductivity  as  demonstrated  in 
Fig.  4(a).  The  latter  is  important  because  the  w-dependent  behavior 
is  related  to  the  dynamics  of  the  dipoles  and  ion  pairs  in  the 
electrolyte. 

For  instance,  assuming  that  the  slope  for  the  w-dependent 
behavior  of  the  AC  conductivity  in  the  log-log  coordinate  is  S(w), 
we  will  have  the  differential  forms: 

d  [lg(^sPE(w))]  =  SSpE(w)clw  for  the  electrolyte  samples  (la) 

d  PsKure  peo(w))]  =  sPure  PEo(w)dw  for  the  pure  PEO  (lb) 

Further,  we  can  find  that 

d  [lg°SPE  -  lg°Pure  PEo]  =  [5SPe(w)  “  5Pure  PEo(w)]dw  (2a) 

According  to  the  definition  of  the  ratio,  we  finally  have 

d(lg0R)  =  Pspe(w)  -  5Pure  PEo(w)]dw  =  AS((o)  (2b) 

Specifically,  if  the  slope  Sspe(w)  for  the  electrolyte  sample  is  less 
than  the  slope  Spure  peo(w)  for  the  pure  PEO,  then  the  ratio  slope, 
AS(w),  will  be  negative.  Since  a  negative  slope  indicates  that  the 
ratio  will  decrease  with  the  increasing  frequency,  we  can  conclude 
that  the  contribution  from  the  lithium  salt,  assessed  by  the  value  of 
the  ratio,  to  the  ionic  conductivity  becomes  weaker  and  weaker  as 
the  frequency  increases. 

3.2.2.  Analysis  of  the  electrolytes 

As  shown  in  Fig.  4(b)  and  (c),  there  are  several  interesting  be¬ 
haviors  of  the  ratio  plot  which  are  worthy  of  discussion.  Firstly, 
there  is  an  obvious  peak  for  the  ratio  plot.  Secondly,  the  value  of  the 
ratio  at  the  peak  increases  with  the  increasing  content  of  the 
lithium  salt,  but  the  position  for  the  peak  seems  to  be  independent 
of  the  ion  distribution  as  well  as  the  content  of  the  complex  or  the 
lithium  salt.  Since  these  behaviors  are  definitely  caused  by  the 
addition  of  the  lithium  salt,  they  should  be  related  to  the  ion 


Fig.  5.  Dipole  orientation  based  on  entangled  segment  (the  dashed  lines  stand  for  the 
entanglement  network),  (a)  No  dipole  orientation,  (b)  dipole  orientation  under  elec¬ 
trical  field  and  (c)  enhanced  dipole  orientation  with  the  addition  of  lithium  salt  (for 
details,  see  the  text). 


distribution,  the  ion  content  and  also  the  interaction  between  the 
ions  and  the  polymers  as  discussed  below. 

For  the  first  point,  at  the  peak,  the  ratio  slope,  AS(w),  is  equal  to 
0  from  a  mathematical  point  of  view.  This  means  the  electrolyte 
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sample  shows  a  w-dependent  behavior  as  the  same  as  the  pure  PEO 
does  at  the  frequency  of  the  peak.  Based  on  the  fact  that  the  (in¬ 
dependent  behaviors  for  the  electrical  properties  of  polymer  elec¬ 
trolyte  are  determined  by  the  dynamics  of  the  dipoles  and  ions 
[42-44],  the  dipoles  and  ion  dynamics  detected  at  the  peak  fre¬ 
quency  are  not  affected  by  the  addition  of  the  lithium  salt.  In  fact, 
the  dipole  relaxation  at  the  peak  frequency  corresponds  to  a  tran¬ 
sition  for  the  AC  conductivity  curve  as  indicated  by  the  dashed  line 
in  Fig.  4(a).  Based  on  the  finding  by  Ward  et  al.  [45]  that  the  chain 
entanglement  structure  is  not  affected  by  the  addition  of  lithium 
salt,  the  structure  determining  the  dipole  relaxation  at  the  peak 
frequency  is  likely  related  to  the  entanglement  structure  of  the 
amorphous  phase  as  explained  below. 

For  pure  PEO,  there  will  be  no  dipole  orientation  within  one  PEO 
entangled  segment  if  no  electric  field  is  applied  (see  Fig.  5(a)). 
When  an  electric  field  is  applied,  the  O— C  dipoles  along  the 
entangled  segment,  the  segment  between  two  continuous  entan¬ 
glement  points  in  the  same  chain,  will  align  with  the  direction  of 
the  electric  field  and  give  rise  to  an  overall  dipole  for  each  entan¬ 
gled  segment  (called  De  as  shown  in  Fig.  5)  because  of  the  inter¬ 
action  between  the  dipoles  and  the  electrical  field.  This  dipole 
orientation  based  on  chain  entanglements  occurs  at  the  peak  fre¬ 
quency  as  shown  in  Fig.  4.  For  the  SPEs,  on  the  other  hand,  the 
applied  electric  field  will  interact  more  strongly  with  the  PEO 
chains  than  in  the  case  of  pure  PEO;  the  curved  nature  of  the 


entangled  segments  will  change,  as  lithium  ions  are  predominantly 
coordinated  by  several  ether  oxygen  atoms  [46].  This  change  in  the 
curve  nature  may  facilitate  the  orientation  of  the  O— C  dipoles  and 
results  in  a  larger  overall  dipole  along  the  entangled  segment  as 
shown  in  Fig.  5(c).  Since  the  relaxation  of  the  overall  dipole  within 
one  entanglement  is  determined  by  the  relaxation  of  the  entan¬ 
glement  structure  (described  by  the  entanglement  molecular 
weight  Me  17]),  the  peak  position  corresponding  to  the  relaxation 
of  De  in  the  ratio  plot  will  be  independent  of  the  content  as  well  as 
the  distribution  of  the  lithium  salt  since  the  entanglement  struc¬ 
ture  is  not  affected  by  the  lithium  salt  [45]. 

Based  on  the  above  understanding  of  the  peak  behavior  shown 
in  the  ratio  plots,  the  content  or  the  distribution  of  the  ions  will 
influence  the  ratio  <7r(w)  at  its  peak,  o^max-  In  particular,  the  addi¬ 
tion  of  lithium  salt  can  actually  increase  the  content  of  the  amor¬ 
phous  phase  and  enhance  the  contribution  of  the  overall  dipole 
associated  with  the  entanglement  structure.  It  is  noted  that  the 
peak  values  of  the  controlled  samples  are  much  higher  than  those 
of  the  uncontrolled  samples  as  shown  in  Fig.  6(a).  This  difference 
indicates  that  the  peak  values  are  related  to  the  ion  distribution. 

3.3.  Effects  of  a  controlled  ion-conductive  pathway 

The  effect  of  the  ion-conductive  pathway  on  the  ionic  conduc¬ 
tivity  properties  can  be  revealed  by  comparing  aR>max  for  the  two 
groups  at  different  lithium  salt  loading  as  shown  in  Fig.  6(a).  With 
equal  loadings  of  lithium  salt,  we  can  find  that  the  controlled 
electrolyte  sample  always  has  a  higher  value  of  <jR)max  than  un¬ 
controlled  electrolyte  sample.  This  finding  indicates  that  a 
controlled  ion  conductive  pathway,  that  is,  the  ion  distribution,  by 
the  core-shell  morphology  structure  can  give  a  better  performance 
on  the  ionic  conductive  properties  than  the  samples  with  uncon¬ 
trolled  ion  conductive  pathway. 

The  lithium  salt  loading  dependent  behaviors  of  the  conductive 
properties  as  shown  in  Fig.  6(a)  implies  the  formation  of  a  network 
of  ion  conductive  pathway.  For  the  controlled  SPEs,  there  is  a  clear 
transition  in  the  slope  from  1.1  to  3.6  in  logarithmic  coordinates.  A 
slope  value  ranging  from  3  to  4  in  logarithmic  coordinates  is  usually 
caused  by  the  formation  of  networks  [47-50].  Therefore,  this 
transition  is  the  result  of  the  formation  of  an  ion-conducting 
network  pathway,  which  is  controlled  by  the  core-shell  structure 
and  constructed  by  the  shell  part.  This  lithium  salt  loading 
dependent  behavior  is  in  fact  determined  by  the  morphology 
structure  related  to  the  lithium  salt  loading  as  explained  below. 
Firstly,  the  lithium  salt  loading  is  controlled  by  the  content  of  the 
PEO5  complex,  which  is  dominated  by  amorphous  structure. 
Therefore,  as  the  lithium  salt  loading  increases,  the  content  of 
amorphous  phase  increases  correspondingly,  or  in  other  words,  the 
thickness  of  the  shell  part  increases  with  the  increase  of  the  lithium 
salt  loading.  Secondly,  the  lithium  salt  loading  can  affect  the 
morphology  structure  by  diffusion  of  ions  from  the  complex  into 
the  pure  PEO  powder.  This  is  unavoidable  but  the  effect  on  the  ion 
distribution  is  not  critical. 

It  is  noted  that,  for  the  uncontrolled  group,  there  is  also  a 
transition  in  the  lithium  salt  loading  dependent  behavior  of  crR)max, 
but  the  lithium  salt  loading  for  the  transition  is  higher  than  that  for 
the  controlled  group  as  indicated  by  the  dashed  arrows  in  Fig.  6(a). 
The  mechanism  for  the  transition  behaviors  of  the  two  groups  are 
in  essence  the  same,  that  is,  they  are  caused  by  the  formation  of  a 
3D  network  structure  of  ion  conductive  pathway.  Since  the  addition 
of  lithium  salt  will  increase  the  fraction  of  the  amorphous  phase  as 
indicated  in  Fig.  3,  this  3D  ionic  conductive  network  can  be  con¬ 
structed  by  the  ion  conductive  amorphous  phase.  This  finding 
actually  agrees  with  the  well-accepted  view  that  the  ion  conduc¬ 
tion  occurs  predominantly  in  the  amorphous  regions.  Moreover,  it 
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Fig.  7.  Time-dependent  behaviors  of  the  AC  conductivity  for,  (a)  the  controlled  and,  (b) 
the  uncontrolled  SPEs,  (c)  comparison  of  the  time-dependent  behaviors  of  the  ionic 
conductivity  for  the  two  groups  of  SPEs. 


should  be  pointed  out  that  a  controlled  morphology  structure  or 
ion  distribution  is  more  effective  to  construct  an  ionically 
conductive  network  structure.  This  point  can  be  confirmed  by  the 
fact  that,  as  shown  in  Fig.  6(b),  the  ionic  conductivity  of  the  elec¬ 
trolyte  sample  with  a  controlled  ion-conducting  pathway,  i.e.,  the 


controlled  electrolyte  sample,  is  higher  than  that  of  the  electrolyte 
sample  without  any  control  on  the  ion-conducting  pathway,  i.e.  the 
uncontrolled  electrolyte  sample.  In  addition,  Fig.  6(b)  also  indicates 
that  a  controlled  ion  conductive  pathway  becomes  more  and  more 
significant  in  improving  the  ion  conductivity  at  some  low  loading  of 
lithium  salt. 

3.4.  Time-dependent  behaviors 

The  aging  property  of  the  SPEs  was  investigated  by  tracking  the 
conductivity  property  after  different  storage  times  at  room  tem¬ 
perature.  As  shown  in  Fig.  7(a)  and  (b),  the  SPEs  from  both  the 
controlled  and  uncontrolled  group  show  time-dependent  behav¬ 
iors,  especially  in  the  low  frequency  range.  Further  comparison  of 
the  aging  behaviors  of  the  ionic  conductivity  for  the  two  kinds  of 
SPEs  is  shown  by  Fig.  7(c).  The  ionic  conductivity  of  the  SPE  from 
the  controlled  group  shows  a  stronger  time-dependent  behavior 
than  that  of  the  SPE  from  the  uncontrolled  group.  For  the  uncon¬ 
trolled  SPE,  its  weak  time-dependent  behavior  is  likely  caused  by 
some  slow  crystallization  [51,52].  For  the  controlled  SPE,  the  time- 
dependent  behavior  is  mainly  related  to  the  change  of  the  ion 
distribution  since  the  shell-part  is  an  ion-rich  phase  and  the  core¬ 
part  is  ion-poor  phase  as  shown  in  Fig.  1.  Although  a  strong  time- 
dependent  behavior  reflects  an  unstable  nature  of  the  structures, 
it  once  again  proves  that  a  controlled  distribution  of  ions,  that  is,  a 
controlled  Li+  conductive  pathway,  is  significant  to  improve  the 
ionic  conductivity  property  of  polymer  electrolyte.  Designing  a 
well-controlled  core— shell  structure,  which  is  stable  even  at 
elevated  temperature,  may  be  critical  for  the  success  of  polymer 
electrolytes  with  a  core-shell  structure. 

4.  Conclusions 

Controlling  the  ion  conductive  path  to  form  a  3D  network 
structure  on  macroscopic  scale  can  improve  the  ionic  conductivity. 
This  finding  is  significant  for  designing  structures  to  obtain  high  ion 
conductivity  in  polymer  electrolytes.  Core-shell  structure  is  an 
effective  way  to  control  the  ion  conductive  pathway  and  should 
have  the  potential  application  to  boost  the  ionic  conductivity. 
Moreover,  the  ratio  plot  introduced  in  this  study  is  an  effective  way 
to  examine  the  effects  of  the  content  as  well  as  the  distribution  of 
the  lithium  salt  on  the  ionic  conductivity  of  the  polymer 
electrolytes. 
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